This study aimed to assess the influence of water treatment and distribution on the bacterial communities with particular emphasis on tap water. Samples from the water treatment plant, the bulk supply distribution system and household taps, supplied by the same drinking water treatment plant, were analyzed using culture-dependent and culture-independent methods. Water treatment imposed alterations in the composition of the bacterial community, although this effect was more evident in the cultivable bacteria rather than among the total community assessed by 16S rRNA gene-denaturing gradient gel electrophoresis (DGGE) profiling. Water disinfection, mainly chlorination, promoted a reduction on bacterial diversity and cultivability, with a shift in the pattern of cultivable bacteria from predominantly Gram-negative to predominately Gram-positive and acid-fast. Downstream of the chlorination stages, tap water, in comparison with raw water, presented higher diversity indices and cultivability percentages. From the source to the tap, members of the Alpha-, Betaand Gammaproteobacteria were the predominant lineages identified using 16S rRNA gene-DGGE analysis. Although with a lower coverage, the DGGE-based lineage identifications were in agreement with those found using 454-pyrosequencing analysis. Despite the effectiveness of water treatment to eliminate or inactivate most of the bacteria, Proteobacteria such as Acinetobacter, Bosea and Sphingomonadaceae may successfully colonize tap water.
Introduction
Drinking water, commonly produced from natural sources such as surface or ground water, is defined as a water suitable for human consumption, washing/showering, food preparation or other domestic purposes (Council Directive 98/83/EC, 1998; DL306-2007 DL306- , 2007 WHO, 2008) . To achieve the adequate chemical and microbiological quality and prevent the occurrence of undesirable transformations during storage and distribution, drinking water treatment is frequently recommended (Council Directive 98/83/EC, 1998; Marsalek et al., 2006; WHO, 2008) . Despite the standard recommended procedures, the characteristics of the final drinking water depend on properties such as the water source, the treatment process, and the nature and extent of the storage and distribution devices (Marsalek et al., 2006; WHO, 2008) .
Chlorine is probably considered the most powerful disinfectant for drinking water (Hoefel et al., 2005; Eichler et al., 2006) . However, the effectiveness of this disinfectant is not identical for all bacterial groups, as contrary to flocculation and sand filtration, chlorination can affect the bacterial community structure (Eichler et al., 2006) . Ozone, able to inactivate resilient pathogens, against which other conventional disinfectants such as chlorine fail, is often used in combination with other processes (von Gunten, 2003) . The combination of different disinfection processes, such as ozonation and/or chlorination, with biomass removal (e.g. flotation, filtration or flocculation) increases the efficiency drinking water treatment, probably because different microbial populations are targeted at each stage.
Besides the properties of raw water, a myriad of factors can affect the microbial community composition throughout the storage and distribution system Lautenschlager et al., 2010) . Examples of these factors are the time of water stagnation, the availability of conditions to promote bacterial regrowth (e.g. nutrients, temperature), or the structural and physicochemical properties of the material lining the reservoirs and distribution pipes (Power & Nagy, 1999; Ribas et al., 2000; Niquette et al., 2001; Lautenschlager et al., 2010) .
According to the literature available, drinking water hosts an impressive bacterial diversity. Culture-independent methods suggest that members of the phylum Proteobacteria are among the most abundant bacterial groups in chlorinated drinking water (Hoefel et al., 2005; Eichler et al., 2006; Poitelon et al., 2009; Kormas et al., 2010; Revetta et al., 2010) . However, due to either the geographic region or the methods used, different groups may predominate. For instance, in French drinking water samples, Poitelon et al. (2009) , using serial analysis of ribosomal sequence tags, observed the predominance of Alpha-, Beta-, Gamma-and Deltaproteobacteria. In Germany, Hoefel et al. (2005) and Eichler et al. (2006) , using fluorescent in situ hybridization and denaturing gradient gel electrophoresis (DGGE) or RNA-and DNAbased 16S rRNA gene fingerprints, respectively, observed a predominance of Bacteroidetes, in addition to Alphaand Betaproteobacteria. In Greece, Kormas et al. (2010) detected mainly Mycobacterium-like bacteria and Betaproteobacteria, using 16S rRNA gene cloning and sequencing. Also using 16S rRNA gene libraries, Revetta et al. (2010) detected a high percentage of difficult-to-classify bacterial sequences in USA drinking water samples; the major known groups were Proteobacteria, Cyanobacteria and Planctomycetes.
It is estimated that in oligotrophic habitats such as disinfected water, non-cultivable or non-viable bacteria represent more than 99% of the bacterial diversity (Amann et al., 1995; Vartoukian et al., 2010) . Although part of these bacteria may have specific growth requirements, others may simply be outcompeted during growth-based experiments. However, an advantage of the culture-based methods is the possibility to study structural and physiological characteristics. On the other hand, it is observed that although the lineages may not coincide, the same predominant phyla are detected using either culture-independent or culture-dependent methods (Hoefel et al., 2005; Eichler et al., 2006; Kormas et al., 2010; Vaz-Moreira et al., 2011b) . Among the bacteria most frequently cultivated from drinking water are members of the phyla Proteobacteria (e.g. genera Brevundimonas, Blastomonas, Sphingomonas, Novosphingobium, Acidovorax, Burkholderia, Ralstonia, Variovorax, Aeromonas, Pseudomonas, Stenotrophomonas), Bacteroidetes (e.g. genus Flavobacterium), Firmicutes (e.g. genus Bacillus) and Actinobacteria (e.g. genus Mycobacterium) (Rusin et al., 1997; Norton & LeChevallier, 2000; Szewzyk et al., 2000; Bartram et al., 2003; WHO, 2008) . Despite the recognized limitations of culture-dependent methods, they represent an invaluable tool to study bacteria biology and ecology (Palleroni, 1997; Alain & Querellou, 2009; Zengler, 2009) .
This study was designed to compare the bacterial populations present throughout a drinking water production and distribution system. Based on the hypothesis that disinfection imposes a bottleneck in the drinking water bacterial diversity, the study was intended to assess the variations of the bacterial populations determined using culture-dependent and culture-independent methods. Specifically, it was intended to assess whether the bacterial populations reaching the final consumer (taps) were similar to those immediately after disinfection, irrespective of location and age of the buildings. To get an improved perspective of the bacterial diversity and variation patterns, the use of culture-dependent and culture-independent methods was considered the best option. With these objectives, the bacterial populations of 19 sites, from the water source to the tap, were characterized using culture-dependent and culture-independent (16S rRNA gene-PCR-DGGE) methods.
To the best of our knowledge, this is the first study tracking the bacterial communities, through culturedependent and culture-independent methods, from the source to the tap. Particularly emphasized was the bacterial diversity of household taps located in a wide region (~270 km 2 ) served by a single water treatment plant.
Materials and methods

Sampling
Samples were collected in a drinking water treatment plant, downstream in the bulk supply distribution system (from now on referred to as the distribution system) and from tap water (Fig. 1) . In this drinking water treatment plant, raw surface water (W1) is pumped up from the river basin and alluvial wells (W2). The collected water undergoes sequentially filtration, ozonation (W3), coagulation and flocculation, flotation and filtration, and chlorination (W4). The resultant disinfected water enters a distribution system of 473 km and three main reservoirs. Each of these reservoirs supplies different municipal pipeline distribution networks.
Samples were collected from 19 sites, eight from the water treatment plant (W1-W4, Fig. 1 ) and distribution system (W5-W8, Fig. 1 ), and 11 from household taps used one to four times a month (T1-T11), at three sampling dates. The sampled household taps are located in four distinct municipal distribution networks (T11 in N1,  T7 in N2, T1, T2, T5, T8, T9 in N3, and T3, T4, T6, T10 in N4, as depicted in Fig. 1 ), in a total area of about 270 km 2 . The taps are in buildings constructed recently (T8), 10-12 years earlier (T1, T3, T4, T6, T10), and more  than 20 years earlier (T2, T5, T7, T9, T11) . Samples from the water treatment plant and distribution system were collected in November 2007 , December 2008 and September 2009 , at the sampling points used for the routine monitoring analyses. Tap water samples were collected in April, July and October 2009. Each sample corresponded to volumes up to 45 L (in 5L containers). A composite sample was prepared in the laboratory by mixing equal volumes of water from each container. To neutralize the activity of disinfectants, 0.1 g L À1 of sodium thiosulfate was added to all the samples collected downstream of the chlorination point. All samples were processed within 4 h after collection.
Microbiological characterization and bacterial isolation
Total cell number was determined by fluorescence microscopy after staining with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Steinheim, Germany) as described by Brunk et al. (1979) . Briefly, 1 mL of water was filtered through a 0.22-lm black polycarbonate membrane (Whatman, Kent, UK), incubated 15 min with 200 lL of 0.5 mg mL À1 DAPI solution in the dark. Cell enumerations were made in triplicate as described previously (Manuel et al., 2007) . Total heterotrophic cultivable bacteria were enumerated on R2A medium (Difco, Lawrence, KS), a non-selective medium recommended for the examination of total heterotrophic bacteria in potable waters (Reasoner & Geldreich, 1985; ISO9308-1, 2000; Uhl & Schaule, 2004) . Pseudomonas isolation agar (PIA; Difco) recommended for pseudomonads, and Tergitol 7-Agar (TTC; Oxoid, Basingstoke, UK) recommended for injured coliforms, were also used for the recovery of cultivable bacteria. Volumes up to 100 mL of water samples or the respective decimal serial dilutions thereof were filtered through cellulose nitrate membranes (0.45 lm pore size, 47 mm diameter; Albet, Barcelona, Spain), which were placed onto the culture media and incubated at 30°C (R2A and PIA) or at 37°C (TTC) up to 7 days. Water dilution and membrane filtration was done in triplicate for every sample. After the incubation period, the number of colonyforming units (CFU) on filtering membranes with up to 80 CFU was registered. In addition, bacteria were isolated from water treatment plant and distribution system samples collected in November 2007 and September 2009 and from all tap water samples, according to the following criterion: about 50% of the colonies with a morphotype represented by more than 10 CFU, and all the colonies with a morphotype represented by up to 10 CFU. The colonies isolated on R2A were purified on the same culture medium, and those isolated on culture media with a higher nutrient content (PIA and TTC) were purified on plate count agar. Pure cultures were preserved at Fig. 1 . Schematic representation process of drinking water production and distribution analyzed in this study. Numbers 1-11 indicate water source, disinfection, storage and distribution, and W1-W8 and T1-T11 the sampled sites. N1, N2, N3 and N4 represent different municipal distribution networks.
À80°C in nutritive broth supplemented with 15% (v/v) glycerol. Colony and cellular morphology, Gram-staining reaction, catalase and cytochrome c oxidase, and ZiehlNeelsen staining were characterized for all the isolates as described by Smibert & Krieg (1994) . Based on this preliminary characterization, 2690 isolates were divided into five groups: the Gram-negative and oxidase-negative (GNOxN), Gram-negative and oxidase-positive (GNOxP), Gram-positive and oxidase-negative (GPOxN), Grampositive and oxidase-positive (GPOxP), and the acid-fast bacteria. The proportion of each of these groups was used as the cultivable pattern of each sample.
Extraction of total DNA
For extraction of total DNA, water was filtered through polycarbonate membranes (0.2 lm porosity; Whatman). The water volumes analyzed were determined according to preliminary experiments and the objective was to achieve a final DNA concentration of at least 0.2 lg mL À1 . These volumes varied between 0.5 and 15 L of water. Each sample was filtered in triplicate. Samples from sites W4, W6-W8 consistently yielded concentrations of DNA below 0.07 lg mL À1 , hampering their inclusion in the DGGE analysis. Total DNA was extracted from the filtering membranes using a commercial kit which proved, based on preliminary assays, to offer good DNA yields and reliable extraction efficiency (PowerSoil TM DNA Isolation kit; Mo Bio, Carlsbad, CA). DNA extraction was made according to the procedure described by Barreiros et al. (2011) , with an additional incubation at 65°C for 30 min. Three total DNA extracts were obtained for each sampling site and date.
16S rRNA gene-DGGE analysis
A 200-bp 16S rRNA gene fragment, corresponding to the region V3, was amplified with the primers 338F-GCclamp (5′-GACTCCTACGGGAGGCAGCAG-3′ with a GC clamp attached) and 518R (5′-ATTA-CCGCGGCTGCTGG-3′) (Muyzer et al., 1993) . The amplification was performed in a reaction volume of 50 lL with 19 KCl buffer, 3 mM MgCl 2 , 0.4 mM dNTP mix, 5% dimethylsulfoxide, 1 lM each primer, 3 U of Taq polymerase (Stabvida, Lisbon, Portugal) and 4 lL of template DNA. The PCR conditions were 5 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 55°C, 30 s at 72°C, and a final extension of 20 min at 72°C. A negative control reaction, without template DNA, was carried out simultaneously. The DNA concentration of the PCR products was determined as previously described (Lopes et al., 2011) and approximately 1.2 lg of DNA were loaded onto a vertical polyacrylamide gel (8% w/v) with a denaturing gradient ranging from 29% to 59% (where 100% denaturing gradient is 7 M urea and 40% deionized formamide). Electrophoresis was performed in a DCode TM universal mutation detection system (Bio-Rad Laboratories, Hercules, CA) as described by Barreiros et al. (2008) . The gel was stained for 15 min with ethidium bromide and the image was acquired with the Molecular Imager Gel Doc XR system (Bio-Rad Laboratories). To normalize the DGGE gels, a ruler composed of a set of reference cultures, profile of which covered the whole denaturing gradient in use, was introduced in the extremities of each gel. After the visual examination of the patterns, DGGE profiles were compared using BIONUMERICS software (version 6.1; Applied Maths, Belgium). Reference lanes of DGGE markers were used for pattern normalization and to establish inter-gel comparisons, through band-matching. Bands were assigned to classes and compared based on the respective densitometric curves. Tables of band position vs. intensity were used for comparison of samples.
Bands representative of the various classes were excised and re-amplified with the primers 338F (without the GC clamp) and 518R in a reaction volume of 25 lL under conditions identical to those reported above, differing in the use of 0.2 mM dNTP mix, 0.3 lM each primer, 0.5 U of Taq polymerase and 1 lL of template DNA. The DGGE band PCR product was cloned with the InsTAclone TM PCR cloning kit (MBI Fermentas, Heidelberg, Germany), according to the manufacturer's instructions. The clone inserts with the expected size (200 bp) were amplified with the primers 338F-GC-clamp and 518R and analyzed by DGGE. DNA inserts matching the original band in the DGGE pattern were sequenced with the primer M13F-pUC (5′-GTTTTCCCAGTCACGAC-3′). Given that some bands corresponded to more than one DNA sequence, up to 10 clones were sequenced. Nucleotide sequences were checked manually for their quality and compared with the sequences deposited in the GenBank database using BLAST software (http://blast.ncbi.nlm.nih. gov/) to infer their phylogenetic affiliation.
16S rRNA gene 454-pyrosequencing analysis
To compare the information retrieved from DGGE profile band sequencing and a high throughput sequencing method, one raw surface water sample (W1C) was also analyzed by 454-pyrosequencing. The V3/V4 hypervariable region of the 16S rRNA gene, including the region analyzed by DGGE, was amplified using the universal bacterial primers 339FW (5′-ACTCCTACGGGAGGCAG-3′) and the degenerate primer (5′-TACNVRRGTHTCTAATYC-3′) (RDP Pyrosequencing Pipeline: http://pyro.cme.msu.edu/ pyro/help.jsp) fused to the 454 A and B adaptors, respectively. PCR reaction conditions, sequencing (454 Genome Sequencer FLX platform; Roche 454 Life Sciences, Newark, NJ) and data analyses were performed as described before (Vaz-Moreira et al., 2011b) .
Statistical analyses
Data of total cells and heterotrophic bacteria counts over different sampling dates or sites were compared using analysis of variance (ANOVA) and a post-hoc Tukey test. The relationship between total and cultivable counts in different types of water was assessed based on a Pearson correlation analysis. The prevalence of different bacterial groups over the sampled sites was compared using the chi-squared test. A cluster analysis was performed to compare the cultivable bacteria patterns of the different sampling dates of the household taps, using the proximity algorithm of Chebychev with the between-groups method for the aggregation criterion. These analyses were supported by SPSS software 19.0 for Windows.
A table of band position vs. band intensity, supplied by BIONUMERICS software (version 6.1; Applied Maths), comprising the triplicate DGGE profiles of every sample, was used to analyze possible site and temporal variations of the bacterial community structure, through principal component analysis (software package CANOCO version 4.5).
The bacterial diversity [H′ = À∑p i ln(p i )] and evenness [J = H′/ln(H max )] were estimated using Shannon's (Shannon & Weaver, 1963 ) and Pielou's indices (Pielou, 1966) , respectively. The indices were calculated based on the DGGE profiles, with the abundance of each operational taxonomic unit (OTU) being estimated on the basis of band intensities. These indices were compared using ANOVA and the post-hoc Tukey test as described above.
Results
Total and cultivable heterotrophic bacteria counts
Total and cultivable heterotrophic bacterial counts were enumerated based on triplicate analyses made for each sample ( Fig. 2a and b) . Raw surface water (W1) presented the highest total cell counts, in a magnitude order of 10 6 cells mL À1 (Fig. 2a) . Water ozonation and the subsequent disinfection stages (W3-W8) led to significant (P < 0.05) 10-100-fold reductions of the total cell counts (Fig. 2a) . These values were maintained in the same order of magnitude in tap water (from 10 4 cells mL
À1
for T1-T7 and T11, and up to 10 5 cells mL À1 for T8-T10) (Fig. 2b) . Total cell counts varied significantly (P < 0.05) over the three sampling dates (A, B, C) in all the sampled sites of water treatment plant and distribution system (W1-W8), and in most of the taps (T4-T7, and T9-T11).
As observed for total cells counts, the number of total heterotrophic cultivable bacteria had accentuated and significant (P < 0.05) variations throughout the sampled transect, with the counts decreasing from 10 3 CFU mL
in surface raw water (W1) to 10 À1 to 10 À2 CFU mL À1 in the distribution system samples (W6-W8) (Fig. 2a) .
Comparatively, tap water samples presented a higher number of cultivable bacteria, with values varying from 10 1 up to 10 4 CFU mL À1 in taps T8-T9 and T11
( Fig. 2b) . In raw water samples (W1 and W2) heterotrophic counts were stable over time, contrasting with the sites downstream (W3-W8 and T1-T11), in which counts varied significantly (P < 0.05) (Fig. 2a and b) . Raw water samples (W1 and W2) presented values of cultivability in the range 0.03-0.18%, higher than in the distribution system (W6-W8) with values below 0.01%. Higher values were observed in tap water samples, with percentages of cultivability ranging from 0.85% to 23%. Although significant positive correlations between the total cell and total heterotrophic counts were observed for all samples, the coefficient of correlation in raw water (W1 and W2) was higher (0.986, P < 0.001) than in treated water (W3-W8 and T1-T11) (0.335, P = 0.016). The sampling date, house localization or household pipe age did not influence the correlation between the total cell and total heterotrophic counts.
Diversity of cultivable bacteria
Except for the acid-fast bacteria not detected among raw surface water isolates (W1), members of the different groups (GNOxN, GNOxP, GPOxN, GPOxP and acidfast bacteria) were recovered from all types of water (W1-T11) (Fig. 3a) . The comparison of the patterns of cultivable bacteria in the distinct types of water showed some differences. The raw water from the alluvial wells (W2) had a lower prevalence of GNOxP and a higher prevalence of GNOxN and acid-fast bacteria (P < 0.05) compared with the raw surface water (W1) (Fig. 3a) . The water treatment imposed a significant (P < 0.05) increase of the Gram-positive (GPOxN and GPOxP) and acid-fast bacteria, and a significant (P < 0.001) decrease of the Gram-negative bacteria (GNOxN and GNOxP) (Fig. 3a) . Tap water presented a profile of cultivable bacteria identical to that observed for raw surface water (W1) (Fig. 3a) .
As tap water is the final product reaching the consumer, the diversity of cultivable bacterial over time was further analyzed (Fig. 3b and c) . In most of the analyzed taps from April (sampling date A) to July (sampling Bacterial diversity from the source to the tap date B) it was observed that the percentages of Grampositive bacteria decreased significantly (P < 0.001), with a proportional increase of GNOxN bacteria (Fig. 3b) . From July to October (sampling date C), the increase of the GPOxN bacteria was the only significant difference (P < 0.001) observed. In general, the patterns clustered according to the sampling date. The major exceptions were taps T7 and T8, localized in different municipal distribution networks and in buildings with distinct ages. In these two taps, the October patterns of cultivable bacteria clustered together with those of April of most of the other taps (Fig. 3c) .
Bacterial diversity based on 16S rRNA gene-DGGE
The DGGE profiles of the analyzed water samples (W1-W3, W5, T1-T11) contained 7-18 bands; in total, 45 band classes were observed. To obtain further insights about the taxa prevailing in each sample, 35 representative bands out of the 45 PCR-DGGE band classes detected were excised, cloned and sequenced (Supporting Information, Fig. S2 and Table S1 ). Twenty-nine of the 35 DGGE bands yielded more than one DNA sequence. The closest neighbors of the nucleotide sequences of five Fig. 2 . Enumeration of the total (black) and cultivable (gray) bacteria over the three sampling dates in the water treatment plant and distribution system (a) and in household tap (b) samples. The columns correspond to mean values of triplicate analyses made for each sample and the bars indicate the standard deviation values. A, B, C -first, second and third sampling dates, respectively. Significant differences between sampling dates are indicated by letters below the sample labels, and and differences between samples are indicated by letters above the bars. a, b, c represent the differences between the total bacteria counts, and a, b, c, d represent the differences between cultivable bacteria counts.
of these 29 bands were members of three distinct phyla, eight were members of two distinct phyla, and the remaining 16, although yielding more than one DNA sequence, were all assigned to the same phylum. In all samples, the closest neighbors of the majority of the bands corresponded to organisms of the phylum Proteobacteria, mainly Alpha-, Beta-and, to a lesser extent, Gammaproteobacteria (Table 1) . Additionally, Actinobacteria, Cyanobacteria, Planctomycetes and Bacteroidetes were also frequently detected, mainly in raw water (W1, W2) and distribution system samples (W3, W5) ( Table 1 ). DGGE patterns showed that none of the 45 bands was present in all the sampled sites. Nevertheless, 13 of the 45 bands were common to raw (W1 and W2) and treated water collected in the distribution system (W5), and 20 were common to raw and tap water. The nucleotide sequences of bands common to all the types of water (raw, water treatment plant, distribution system and household taps) were related to the family Sphingomonadaceae and genera Bradyrhizobium, Methylobacterium, Acidovorax, Acinetobacter, among others.
Through multivariate analysis of the DGGE profiles it was possible to assess the water bacterial community structure variation throughout the sampled transect. Although the principal component analysis suggested homogeneity among the samples, the first two axes could explain 25.5% of the bacterial community variation. This analysis demonstrated the separation of the bacterial communities of tap water (T1-T11) from those of raw water, treatment plant and distribution system samples (W1-W3, W5) (Fig. 4a) . Bands B1, B3, B7, B9, B14, B20, B23, B30, B33 and B34, with the highest eigenvalues and significant correlation values with axis 1, were the major contributors to the distribution of the DGGE profiles. Among these, bands B1, B14 and B33, related to Actinobacteria, Bacteroidetes (Sphingobacteriaceae), Betaproteobacteria (Ideonella sp.) and Deltaproteobacteria (Geobacter sp.), were present only in the raw water, water treatment plant and distribution system samples. Although with a slight contribution for the separation of the DGGE profiles, bands B5, B12, B36 and B44 were also present only in W1-W3 and W5. These bands corresponded to mem- Bacterial diversity from the source to the tap bers of the phyla Proteobacteria (Beta-division), Bacteroidetes, Cyanobacteria and Planctomycetes (Table S1 ). In contrast, bands B23 and B34, related to Alphaproteobacteria (genera Bosea, Bradyrhizobium and Nitrobacter) were present only in tap water, contributing to the separation of the raw water profiles from those of the distribution Table 1 . Phylum affiliation of the closest neighbors of the 16S rRNA gene sequences analyzed in the DGGE profiles Number of DGGE sequences affiliated to a group: black, more than 4; dark gray, 2-4; light gray, 1; white, not detected. *Number of OUT's obtained from 454-pyrosequencing analysis: black > 50 OTU; dark gray: between 10 and 50 OTU; light gray: < 10 OUT; white: not detected. The minor phyla Fusobacteria (one OTU), Gemmatimonadetes (six OTU) and Fibrobacteres (two OTU) were also detected with 454-pyrosequencing. The phyla represented by only one sequence were not considered. system. Other bands detected only in the household taps profiles (B4, B6, B10, B13, B15, B26, B31, B38, B43) were mainly related to members of Proteobacteria (Table S1) . Among these bands, B31 was observed in all tap water samples and B34 in nine of the 11 tap water samples analyzed. The absence of bands B23 and B34 in T7 and T8 DGGE profiles contributed to the clustering of these patterns with those of W1-W3 and W5, with the consequent separation from other tap water profiles, mainly of T2, T10 and T11. On the other hand, bands B5, B14, B33 and B45, with high eigenvalues and significant correlation values with axis 2, and present in samples W1-W3 and W5, allowed the separation from T7 and T8, the profiles of which did not contain those bands. The DGGE profiles of T7 and T8 were separated from those of W1-W3 and W5 by principal component 2, indicating small variations among the bacterial community structure of these samples.
Contrary to the cultivable bacteria profiling, for the majority of the samples the DGGE profiles did not cluster by sampling date. Indeed, the cluster analysis of the DGGE profiles revealed that the samples clustered mainly according to the sampling site (W1-W3, W5 vs. T1-T11), irrespective of the sampling date (data not shown). Nevertheless, in the principal component analysis, axis 1 and most of axis 2 enabled slight variations in DGGE profiles to be distinguished over time for most of the taps (T2-T3, T5-T10). In this case, and in opposition to the variation observed for the cultivable bacteria profiling, the DGGE pattern variation did not follow a trend. The most distinct bacterial community structure for T2, T3 and T5 was in April (sampling date A), whereas for T6, T7 and T9 it was in July (sampling date B). On the other hand, the most distinct bacterial community structure of T8 and T10 was in October (sampling date C).
The differentiation of the samples could also be inferred from the Shannon (H′) diversity index, which ranged between 2.08 in tap T9 and 2.69 in raw surface water (W1) ( Table 2 ). The two types of raw water presented significantly different diversity indices (P < 0.05), with the water collected in the alluvial wells (W2) presenting a lower bacterial diversity than the raw surface water (W1). In the water treatment plant and distribution system it was observed that the water filtration and disinfection imposed a reduction on the bacterial diversity (H ′) from 2.69 in raw water to 2.51 after ozonation, and 2.33 after chlorination (Table 2) . Diversity index (H′) values in tap water samples presented wide variations. The lowest (2.08-2.10) and the highest (2.50-2.53) values were observed in taps T5-T6, T9 and T1-T3, T8, respectively (Table 2) . Evenness values ranged between 0.29 in T6, T9 and raw water from alluvial wells, and 0.34 in raw surface water (Table 2) .
16S rRNA gene sequence analysis -DGGE vs.
454-pyrosequencing
Considering that high throughput sequencing methods give a better coverage than DGGE analysis, a comparative analysis, based on the sampled site with the highest richness and diversity indices (raw water W1C), also was analyzed by 454-pyrosequencing. Although identifying a higher number of OTU, the 454-pyrosequencing revealed a pattern of bacterial groups almost coincident of that obtained with DGGE patterning (Table 1) . Major exceptions were Bacteroidetes, Acidobacteria, Firmicutes, Nitrospirae, Fusobacteria, Gemmatimonadetes and Fibrobacteres, which were more abundant or were only detected with 454-pyrosequencing analysis. In contrast, the high throughput sequencing method failed to detect Epsilonproteobacteria, Chloroflexi and Aquificae. Moreover, most of the DGGE detected OTUs clustered together with those retrieved from 454-pyrosequencing (Fig. S1 ).
Discussion
High throughput sequencing methods have gained popularity in recent years for assessing the richness and diversity of bacterial communities (Mardis, 2008) . Nevertheless, these techniques may be not an option when a large number of samples are to be compared and thus community fingerprinting methods may be preferred. DGGE, in spite of its bias and all its limitations, including low coverage (Muyzer et al., 1993; Van Wintzingerode , 1997; Muyzer & Smalla, 1998; Farnleitner et al., 2004) , is an adequate method when the aim is to compare patterns along a process or over different sites (Gilbert et al., 2012; Ling et al., 2012; Yang et al., 2012) . Although DGGE may also be used to assess phylogenetic diversity, a major drawback is the poor resolution, when different nucleotide sequences co-migrate in a single band, violating the rule one-band-one-organism assumed in this technique (Vallaeys et al., 1997) . Nevertheless, it is possible through band cloning to overcome such a difficulty. In the current study, the aim was not only identification of bacteria but also comparison of bacterial diversity patterns over a drinking water system, from the source to the taps, in 45 samples. DGGE was used as a community fingerprinting method and also to infer the most abundant bacterial groups. To assess the shortcomings of DGGE regarding the bacterial diversity surveys, a surface raw water (W1), with the highest richness and diversity indices, was also analyzed by a high-throughput sequencing method. Apart from the fraction of unknown bacteria detected by 454-pyrosequencing, the predominant phyla identified were identical, and most of the DGGE OTUs clustered together with those retrieved from the high-throughput sequencing method (Table 1 , Fig. S1 ). Therefore, the reliability of DGGE profiling when comparing variations on the predominant organisms over the sampled transect was demonstrated, giving an adequate picture of the most abundant bacteria occurring in the studied samples. Most of the bands (20 of 38) present in the DGGE profiles of tap water corresponded to bands also thriving in raw water, suggesting that differences on the bacterial community structure of tap water were due to alterations in the abundance (band intensity) of the major lineages. Conditions such as the temperature, oligotrophy or scarcity of light may explain the maintenance of the same general community composition profile from the source to the tap, in spite of the minor differences that were noticed between raw and tap water. Proteobacteria were observed to predominate in all the types of water analyzed, as could be expected from other studies on surface and drinking water (Zwart et al., 2002; Williams et al., 2004; Hoefel et al., 2005; Eichler et al., 2006; Kormas et al., 2010; Kahlisch et al., 2012) . Other phyla with a lower prevalence in the current study, such as Actinobacteria, Cyanobacteria, Bacteroidetes, Planctomycetes, Aquificae, Acidobacteria, Chloroflexi, Verrucomicrobia, Firmicutes, Chlamydiae and Nitrospirae, have been reported in surface and drinking water (Hoefel et al., 2005; Eichler et al., 2006; Baik et al., 2008; Poitelon et al., 2009; Kormas et al., 2010; Revetta et al., 2010; Kwon et al., 2011) . Alpha-, Beta-and Gammaproteobacteria are among the predominant bacteria in drinking and mineral water (Williams et al., 2004; Manuel et al., 2010; Falcone-Dias et al., 2012) . Depending on the genera or species of these groups, the high frequency of members of those classes in drinking water may deserve attention, as they include many ubiquitous and opportunistic bacteria, with potential public health implications. For instance, using culture-dependent methods, it was shown that some Proteobacteria, such as Acinetobacter, Sphingomonadaceae, Pseudomonas, Variovorax or Ralstonia, occurring in tap or bottled mineral water, may be sources of antibiotic resistance (Norton & LeChevallier, 2000; Tokajian et al., 2005; Vaz-Moreira et al., 2011a Casanovas-Massana & Blanch, 2012; Falcone-Dias et al., 2012; Narciso-da-Rocha et al., in press ).
The water treatment imposed a reduction in the number of total and cultivable bacteria, and also in the cultivability percentage. Nevertheless, both the bacterial counts and the cultivability increased significantly at tap level, to percentages up to 23%. Given the high number of isolates recovered during this study (2690), the method used to profile the cultivable bacteria was based mainly on the structural characteristics of the cell envelope, due to its importance in conferring resistance to disinfectants. The comparison of the cultivable bacteria patterns throughout the sampled transect permitted the conclusion that the water treatment imposed changes in the proportion of all the groups of cultivable organisms, leading to a transitory reduction of the Gram-negative bacteria and an increase of the Gram-positive and acid-fast bacteria in treated water. The dramatic reductions after disinfection observed for Gram-negative bacteria can be explained by their lower capacity to survive stressful conditions, due to the incapacity to produce spores and the higher fragility of the cell envelope (LeChevallier et al., 1980) . On the other hand, cultivable acid-fast Mycobacterium-like bacteria probably had an advantage in the sites immediately after disinfection treatment, as could be expected from previous reports on the widespread distribution of these bacteria in chlorinated water (Falkinham et al., 2001; Torvinen et al., 2004; Santos et al., 2005; Kormas et al., 2010; Falkinham, 2011) . Beside the resistance to chlorination, the previous stage of water ozonation may have favored the development of mycobacteria-like bacteria, as that disinfection process may lead to an increase of the assimilable organic carbon and thus promote the growth of those Gram-positive bacteria (van der Kooij & Hijnen, 1984; Miettinen et al., 1998; Torvinen et al., 2004) . In tap water, Gram-negative bacteria became again prevalent and mycobacteria-like as well as other Gram-positive bacteria were apparently outcompeted. The speed of cell duplication and the absence of organic specific growth requirements may represent an advantage for Gram-negative bacteria when the stress imposed by disinfectants is relieved and when a robust cell envelope or the formation of resting structures, characteristic of Gram-positive bacteria, is not an advantage any more.
Despite the reduction in the diversity indices, cluster and principal component analysis of the DGGE profiles revealed that the drastic variations observed in the cultivable populations were not reflected in the bacterial community structure. The differences found may be explained by the fact that the cultivable organisms constitute a only small fraction of the total, which means that these differences are undetected by the culture-independent methods (Amann et al., 1995; Vartoukian et al., 2010) . Nevertheless, in this study the DGGE patterning allowed the water treatment plant and distribution samples to be distinquished from tap samples. Among taps it was also possible to detect variation on the diversity and bacterial community structure, although such variations could not be related to specific characteristics of each municipal distribution network or building age.
One of the challenges in studies of disinfected drinking water is the differentiation of dead from live bacteria, and the differentiation of these from cultivable and viable but non-cultivable bacteria (Boulos et al., 1999) . Whereas the first two can be erroneously mixed in total-DNA community studies, the latter may be overlooked using culturedependent processes. The total cell counts method used in the current study does not distinguish live from dead cells as long as the double helix of the DNA is intact (Karner & Fuhrman, 1997) . This can be regarded as a major limitation for data analysis, mainly in the disinfected water (W3-W8), where the cultivability percentage was the lowest. The observed differences in the total and cultivable cell counts found in these samples may be due either to viable but non-cultivable cells or to dead cells, in both cases affected by the high concentrations of disinfectants.
The distinction of live from dead cells may also be a critical issue in culture-independent studies, as DNA extraction, based on cell lyses, protein removal and nucleic acid precipitation is barely able to separate genomic DNA of live from dead cells. These concerns were expressed in the work of Nocker et al. (2007 Nocker et al. ( , 2010 , who suggest that propidium monoazide, which only permeates damaged cell membranes linking covalently the DNA after light exposure and, thus, inhibiting PCR, may contribute to a reduction in the bias introduced in cultureindependent studies by non-viable cells. However, use of propidium monoazide cannot indicate whether the viable organisms are active in the community (Yergeau et al., 2010) . A good alternative to overcome such a limitation is the analysis of intracellular RNA as the nucleic acid template. Based on the assumption that RNA is rapidly degraded outside or inside stressed cells when compared with DNA, only active cells (and not all viable cells) are being screened (e.g. Revetta et al., 2010) . This offers the advantage of surveying preferentially the functional organisms in the community. Over the array of sites analyzed in the current study, the conditions varied dramatically, from natural waters to strong disinfection stages, to the taps, with a progressive attenuation of the disinfection conditions. Variations between live/dead cells and active (cultivable and non-cultivable)/viable non-active (inactive non-cultivable) cells were expected and probably changed over the sampled sites according to the loads of disinfectants and stress conditions imposed. However, the analysis based on total DNA, as it was performed in this study, mirrors the populations thriving in those habitats, irrespective of their activity or viability. Inferences about the fraction of live/dead or active/inactive cells in each site would give an additional level of information, preferentially when based on quantitative estimates.
An important issue when bacterial communities are analyzed from the source to the tap is if the same organism can cross all transects or if disinfection represents a turnout point. The possibility that cells can enter an inactive status during disinfection, with regrowth downstream of that point, or that ameba may ingest and thus protect some bacteria, subsequently released and entering regrowth, has been discussed and is supported by different authors (King et al., 1988; Niquette et al., 2001; Greub & Raoult, 2004; Lee et al., 2007; Lautenschlager et al., 2010) . The regrowth hypothesis would be sustained by the finding of the same clone in the water source and downstream in tap water. This was not the purpose of this work, but it was assessed in other studies with some of the bacterial isolates described herein. The possibility of regrowth was never confirmed, as the same clone could not be detected in taps and in the water source, although identical genotypes were found in different taps and at different sampling dates (Vaz-Moreira et al., 2011a Narciso-da-Rocha et al., in press) .
Seasonality was the only variable observed to be associated with alterations of tap water cultivable bacteria, with an increased prevalence of Gram-negative bacteria in July and October compared with April. This effect may be due to the increase in temperature, which is described as a factor that promotes chlorine decay (Powell et al., 2000) . The combined effect of higher temperatures with lower concentrations of chlorine may have benefited the growth of Gram-negative bacteria. The data obtained suggest that seasonal variations may interfere with the physiological status of the cells rather than promote a rearrangement of phylogenetic lineages. In such case, it would be expected that culture-dependent and culture-independent methods did not coincide in the seasonal pattern of variation. Indeed, the principal component analysis of the DGGE patterns revealed no seasonal variation.
It was observed that water treatment imposed an alteration in the composition of the bacterial community. However, this alteration was more evident in the cultivable bacteria, rather than among the total community assessed by 16S rRNA-gene DGGE profiling. These results suggest that the physiological and metabolic status of the bacteria may be relevant in these systems, explaining why cultivation rather than DNA-based methods revealed the major variations. Nevertheless, it was possible to conclude that specific conditions prevailing in each household tap also influenced the community structure and composition. In spite of the expected mismatch between the bacteria targeted by culture-dependent and culture-independent methods (Kisand & Wikner, 2003; Cottrell et al., 2005; Jordan et al., 2009; Vaz-Moreira et al., 2011b) , the results of this study demonstrate the relevance of cultivation approaches to characterize bacterial communities.
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